Mitochondrial F 1 F o -ATP synthase generates the bulk of cellular ATP. This molecular machine assembles from nuclear-and mitochondria-encoded subunits. Whereas chaperones for formation of the matrix-exposed hexameric F 1 -ATPase core domain have been identified, insight into how the nuclear-encoded F 1 -domain assembles with the membrane-embedded F o -region is lacking. Here we identified the INA complex (INAC) in the inner membrane of mitochondria as an assembly factor involved in this process. Ina22 and Ina17 are INAC constituents that physically associate with the F 1 -module and peripheral stalk, but not with the assembled F 1 F o -ATP synthase. Our analyses show that loss of Ina22 and Ina17 specifically impairs formation of the peripheral stalk that connects the catalytic F 1 -module to the membrane embedded F o -domain. We conclude that INAC represents a matrix-exposed inner membrane protein complex that facilitates peripheral stalk assembly and thus promotes a key step in the biogenesis of mitochondrial F 1 F o -ATP synthase.
Introduction
Exergonic hydrolysis of adenosine triphosphate (ATP) to adenosine diphospate (ADP) and inorganic phosphate (P i ) drives a large number of biochemical reactions in all living cells. Under aerobic conditions eukaryotic cells synthesize the vast majority of ATP through the activity of the F 1 F o -ATP synthase complex that is located within the inner membrane of mitochondria. Here, redox-driven respiratory chain complexes expel protons from the mitochondrial matrix into the intermembrane space (IMS) compartment thereby generating a proton gradient across the inner membrane. Energy derived from this proton gradient is used by the ATP synthase to power ATP production from ADP and P i on the matrix side of the inner mitochondrial membrane. This process is generally referred to as oxidative phosphorylation. F 1 F o -ATP synthases from different organisms share a very similar overall architecture and are made up from essentially the same set of conserved core subunits, but may also contain specific accessory subunits that modulate stability and activity of the enzyme complex (Von Ballmoos et al, 2008) .
In the baker's yeast Saccharomyces cerevisiae, the catalytic domain of F 1 F o -ATP synthase is a hexameric complex composed of alternating Atp1 (F 1 a) and Atp2 (F 1 b) subunits that harbor the nucleotide-binding pockets of the enzyme (Stock et al, 1999; Von Ballmoos et al, 2008) . Two structurally and functionally distinct stalk regions connect the catalytic domain to a membrane-embedded F o -rotor domain formed by a ring-shaped decamer of Atp9 (subunit c) and a single copy of Atp6 (subunit a) that couples proton translocation to rotation of the Atp9 ring (Capaldi & Aggeler, 2002; Fillingame et al, 2003; Weber & Senior, 2003) . The central stalk consists of the Atp3 (F 1 c), Atp15 (F 1 e) and Atp16 (F 1 d) subunits and conveys rotational movements within the membrane-embedded domain to the nucleotide-binding sites by elastic power transmission (Noji et al, 1997; Junge et al, 2009) . Catalytic domain and central stalk together form the F 1 -region of the ATP synthase. The F o -domain of yeast mitochondrial ATP synthase additionally contains Atp8 and Atp17 (subunit f) that are essential for assembly and activity of the enzyme (Devenish et al, 2000) . Rotation of the catalytic domain together with the F o -rotor is prevented by the peripheral stalk (also termed stator stalk) that is made of the subunits Atp4 (subunit b), Atp5 (oligomycin-sensitivity-conferring protein, OSCP), Atp7 (subunt d), and Atp14 (subunit h) (Stock et al, 1999; Walker & Dickson, 2006) . The small peripheral subunits Atp18 (subunit i), Atp19 (subunit k), Atp20 (subunit g), and Atp21 (subunit e) were shown to mediate the assembly and maturation of dimeric and oligomeric forms of the F 1 F o -ATP synthase (Arnold et al, 1998; Arselin et al, 2003; Wagner et al, 2009 Wagner et al, , 2010 . While oligomerization is not required for enzyme activity, such oligomers have been implicated in formation of the characteristic cristae domains of the inner mitochondrial membrane (Paumard et al, 2002; Dudkina et al, 2006; Davies et al, 2012) .
Despite the tremendous physiological importance of F 1 F o -ATP synthase complexes and the discovery of several inherited mitochondrial diseases caused by a partial ATP synthase deficiency (De Meirleir et al, 2004; Kucharczyk et al, 2009; Mayr et al, 2010; Spiegel et al, 2011; Torraco et al, 2012) , still very little is known about the biogenesis of this fascinating enzyme. Two different genomes contribute to the formation of ATP synthase complexes: The Atp6, Atp8 and Atp9 proteins are encoded by mitochondrial DNA and inserted into the inner membrane from the matrix side (Devenish et al, 2000; Ott & Herrmann, 2010; Kehrein et al, 2013) . All other components are nuclear-encoded and synthesized as precursors on cytosolic ribosomes with targeting information that directs them to mitochondria (Dolezal et al, 2006; Neupert & Herrmann, 2007; Chacinska et al, 2009) . Some of these proteins, like Atp4 or the small peripheral subunits, are also integrated into the inner membrane upon import. All subunits of the F 1 -region and most proteins of the peripheral stalk must be fully translocated into the matrix. Thus, several protein biogenesis and sorting pathways contribute to formation of F 1 F o -ATP synthase complexes, but mechanisms responsible for their coordination and mutual regulation are largely unexplored.
Current models suggest that assembly of the F 1 F o -ATP synthase is a step-wise process that may include transient formation of discrete assembly intermediates (Rak et al, , 2011 . Several factors have been identified that are thought to facilitate assembly of distinct ATP synthase modules (Pícková et al, 2005; Ludlam et al, 2009) . The matrix proteins Atp11, Atp12, and Fmc1 are required for biogenesis of the catalytic core of the F 1 -domain. Absence of any of these proteins leads to aggregation of the Atp1 and/or Atp2 subunits in the mitochondrial matrix (Ackerman & Tzagoloff, 1990; Wang et al, 2000; Lefebvre-Legendre et al, 2001) . Yeast mutants lacking Atp11 or Atp12 were shown to be impaired in mitochondrial translation of ATP6 and ATP8 mRNAs . A number of further regulatory proteins have been suggested to support synthesis of mitochondrially encoded ATP synthase subunits and thus be required for production of functional enzyme complexes (summarized in . The metalloprotease Atp23 is specifically required for maturation of the Atp6 subunit and directly implicated in assembly of the F o -core domain together with Atp10 (Tzagoloff et al, 2004; Osman et al, 2007; Zeng et al, 2007) . Notably, assembly factors specifically required for formation of the F 1 F o peripheral stalk have not been identified so far.
Here we report on the identification of the inner membrane assembly complex (INAC) that promotes the biogenesis of mitochondrial F 1 F o -ATP synthase. INAC consists of two so far uncharacterized mitochondrial inner membrane proteins, Ina22 and Ina17. Loss of INAC function causes dissociation of the F 1 -domain from the membrane-integral F o -portion. This phenotype is explained by defects of the peripheral stalk segment, which is essential for the stable connection between F 1 and F o . Accordingly, we find that INAC facilitates assembly of the peripheral stalk and thus represents a critical assembly factor for the F 1 F o -ATP synthase complex.
Results

Ina22, a mitochondrial protein required for respiratory growth
To identify novel proteins involved in the biogenesis of the mitochondrial oxidative phosphorylation machinery, we screened the yeast genome database for mutants affected in growth on nonfermentable carbon sources. Among the mutant strains, we selected yir024cD for further analyses that we later termed ina22D. INA22 (YIR024c) encodes an orphan protein with a predicted amino-terminal presequence for translocation across the inner mitochondrial membrane. Accordingly, Ina22 was previously identified in the yeast mitochondrial proteome (Sickmann et al, 2003) . Moreover, Ina22 displays a single predicted transmembrane span, suggesting its localization in the inner mitochondrial membrane (Fig 1A) . In a high-throughput screen, absence of Ina22 was found to affect respiratory growth of yeast (Steinmetz et al, 2002; Qian et al, 2012) . To verify this finding, we tested growth of the ina22D strain on fermentable (YPD) and non-fermentable (YPG) growth medium at different temperatures ( Fig 1B) . The deletion strain was growing similar to wild-type on YPD medium at all tested temperatures. In contrast, on YPG medium growth of ina22D was significantly affected compared to the isogenic wild-type strain. This phenotype was exacerbated at lower and higher temperatures. For further analyses, we generated strains expressing Ina22 HA and Ina22 ProtA through chromosomal integration of the corresponding tag-encoding cassettes, allowing for expression of the fusion proteins from the authentic promoter. No growth difference between the wild-type and strains expressing Ina22 HA or Ina22 ProtA was observed ( Fig 1C) . To assess translocation across the inner membrane and proteolytic removal of the presequence, we synthesized and radiolabeled Ina22 in a rabbit reticulocyte lysate and imported the precursor into purified mitochondria. Ina22 was imported to a protease-protected location in a membrane potential (Dw)-dependent manner and processed to a faster migrating mature form indicative of inner membrane translocation ( Fig 1D) . This finding supported the idea that Ina22 represented an inner membrane protein. Hence, we subjected mitochondria containing Ina22 HA to alkaline extraction. As expected, Ina22 remained in the membrane pellet and was only released upon incubation with Triton X-100 ( Fig 1E) . To assess the membrane topology of Ina22, we performed protease protection assays. The HA-tag was inaccessible to proteinase K (PK) treatment in intact mitochondria, but could be digested after the osmotic disruption of the outer mitochondrial membrane (swelling; Fig 1F) . In summary, these results confirmed that Ina22 was an integral inner mitochondrial membrane protein with its C-terminus exposed to the IMS.
Loss of Ina22 function affects the F 1 F o -ATP synthase
The respiratory growth defect of the ina22D strain led us to investigate a role of Ina22 in respiratory chain function. A steady state protein analysis of ina22D mutant mitochondria did not reveal obvious differences for any of the tested proteins (Supplementary Fig S1A) . Thus, we assessed the activities of respiratory chain complexes III and IV directly to determine if their function was compromised (Fig 2A) . Both complex III and IV activities in ina22D mitochondria were indistinguishable from the wild-type control. As respiratory growth deficiency can also be caused by defective oligomerization of respiratory chain complexes (Chen et al, 2012; Strogolova et al, 2012; Vukotic et al, 2012) , we analyzed supercomplex formation of complex III and IV by Blue Native (BN) PAGE. Western blot analyses revealed that III 2 /IV and III 2 /IV 2 supercomplexes were similar in wild-type and ina22D mitochondria (Fig 2B) . Thus, no defects in respiratory chain complexes III or IV were apparent in the ina22D mutant mitochondria. We speculated that the observed growth phenotype could be due to malfunction of the F 1 F o -ATP synthase. First we analyzed the ATP-hydrolyzing activity of the catalytic domain by an in-gel assay (Fig 2C) . Interestingly, we observed dissociation of the F 1 -portion from the F o -complex in ina22D mutant mitochondria (Fig 2C) . Compared to the wild-type control, a four to five fold increase in free F 1 -portion was observed in ina22D mitochondria. Immunoblotting with specific antibodies directed against ATP synthase subunits of different domains showed that the amounts of ATP synthase monomers were reduced in ina22D mitochondria and antibodies against Atp1 and Atp2 revealed the presence of free F 1 -subcomplexes not connected to F o -domains (Fig 2D and E) . While the overall ATPase activity was similar in the presence or absence of Ina22, the F 1 F o -ATP synthase of ina22D mutant mitochondria displayed a five fold higher ATP-hydrolyzing activity in the presence of the inhibitor oligomycin (Fig 2F) . Thus, lack of Ina22 considerably reduced the oligomycin sensitivity of ATP synthase. Based on these observations, we concluded that Ina22 was required for correct assembly of the functional F 1 F o -ATP synthase. A Predicted domain organization of S. cerevisiae Ina22. PS, presequence; TM, transmembrane domain; CC, coiled-coil domain; IMS, intermembrane space domain. Numbers indicate amino acid residues. B Wild-type (BY4741) and ina22D yeast were spotted in serial 10-fold dilutions on YPD or YPG plates and grown at indicated temperatures for 2-5 days. C As in (B), for indicated strains in YPH499 background. D Radiolabeled Ina22 was imported into mitochondria for indicated times in the presence or absence of a membrane potential (Dw) and subjected to treatment with proteinase K (PK) where indicated. p, precursor; m, mature. E Membrane association of Ina22 assessed by carbonate extraction. T, total; P, pellet; S, soluble fraction. F Submitochondrial localization of Ina22 was analyzed by protease protection. Indicated amounts of proteinase K (PK) were added to mitochondria in osmotically supporting SEM buffer (Mitochondria), hypotonic EM buffer (Swelling) or to mitochondria sonicated in the presence of 0.1% Triton X-100 (Sonication). Analysis of SILAC data from three independent replicates revealed significant enrichment of selected subunits of the F 1 F o -ATP synthase (Fig 3B and Supplementary Table S2) . Notably, all of the identified proteins were subunits of the F 1 -domain or the peripheral stalk, whereas neither subunits of the F o -part nor small accessory subunits required for dimerization of the enzyme were found enriched (Fig 3C) . Moreover, Cbp3, Cbp4, and Cbp6 (which participate in cytochrome b assembly; Gruschke et al, 2011 Gruschke et al, , 2012 and the uncharacterized Ypl099c (Aim43), which we later termed Ina17, copurified with Ina22 ( Fig 3B) . To support these mass spectrometric data we isolated Ina22
ProtA from solubilized mitochondria and analyzed the precipitates by Western blotting. Indeed, co-isolation of Atp1, Atp2 of the F 1 -domain and Atp5 of the peripheral stalk A Activities of respiratory chain complexes III and IV in wild-type and ina22D mitochondria as described in Materials and Methods. Activity of each complex in wildtype mitochondria was set to 100%. Data represent means AE standard error of the mean (s.e.m.), n ≥ 5. B Wild-type and ina22D mitochondria were solubilized in 1% digitonin, analyzed by BN-PAGE with subsequent Western blotting using indicated antibodies against components of complexes III and IV. C Wild-type and ina22D mitochondria were analyzed by BN-PAGE, Coomassie stained (Stain) or stained for in-gel F 1 F o -ATP synthase activity (V). D As in (B), but immunodecorated for proteins of complex V. E Quantification of the Atp2 decoration in (D). Relative amount of Atp2 in dimer (V D ), monomer (V M ), and F 1 in ina22D mitochondria compared to the wild-type (set to 100%) is shown. P-value based on two-sided t-test is indicated (n ≥ 5). F In organello ATPase activity measurement was performed as described in Materials and Methods in wild-type and ina22D mitochondria, with or without addition of 50 lM oligomycin. Activity is presented in nmol of released phosphate per min per mg of mitochondrial protein (n = 5).
Oleksandr Lytovchenko et al Peripheral stalk assembly of F 1 F o -ATP synthase The EMBO Journal could be confirmed with available antibodies. In contrast, the small dimer-promoting subunit Atp20 was not recovered (Fig 3D) . We were similarly able to confirm the co-isolation of Cbp3. Whereas the co-isolation of ATP synthase subunits with tagged Ina22 was in line with the observed defects of F 1 F o -ATP synthase complexes, the presence of cytochrome b assembly factors was surprising. However, as the ina22D mutant did not display any defect in complex III activity or organization (Fig 2A and B) , we did not follow this aspect further in this study. In conclusion, the observed low efficiency of co-isolation of Ina22 with ATP synthase subunits and the fact that mitochondria-encoded subunits of the ATP synthase as well as the dimerization factors were not enriched in purified Ina22-containing complexes, indicate that Ina22 is not a stoichiometric subunit of the mature ATP synthase. We also assessed mitochondrial morphology by microscopy in comparison to atp20D mutant cells. While atp20D cells displayed defective mitochondrial morphology, ina22D mitochondria had only a mild defect ( Supplementary Fig S2) .
The inner membrane protein Ina17 affects ATP synthase organization
The mass spectrometric analyses revealed significant enrichment of Ina17 in the Ina22 complex purification ( Fig 3B) and we confirmed this copurification by Western blotting (Fig 3D) . Ina17 is a protein with a predicted presequence, a single hydrophobic amino acid stretch sufficient in length to form a transmembrane span, a predicted coiled-coil, and a calculated molecular weight of 21.8 kDa for the precursor (Fig 4A) . Previous analyses had identified Ina17 as mitochondrial protein (Reinders & Zahedi, 2006; Hess et al, 2009; Gebert et al, 2012) . Upon incubation of radiolabeled Ina17 with purified mitochondria, the precursor protein was imported in a Dw-dependent manner and processed to a faster migrating mature form suggesting transport across the inner membrane ( Fig 4B) . To address if Ina17 was a mitochondrial membrane protein, we subjected purified mitochondria to alkaline extraction. Ina17 was resistant to alkaline treatment and was only released by detergent solubilization indicating that it represented an integral membrane protein ( Fig 4C) . In order to determine the topology and submitochondrial localization of Ina17, we performed protease protection experiments. Ina17 was resistant to protease treatment in intact mitochondria but became accessible upon rupture of the outer membrane by hypoosmotic treatment. Since the antiserum against Ina17 was directed against a C-terminal peptide, we concluded that the epitope is exposed to the IMS ( Fig 4D) . Because ina22D cells displayed respiratory defects, we then analyzed the growth phenotype of ina17D mutant cells on fermentable and non-fermentable medium. ina17D mutant cells displayed a clear growth defect compared to wild-type cells on non-fermentable medium. This phenotype was exacerbated at higher temperature ( Fig 4E) . Thus, ina17D mutant cells displayed a similar growth defect as observed for the ina22D mutant. For further analyses, mitochondria were isolated from ina22D and ina17D mutant cells and initially analyzed for steady state levels of selected mitochondrial proteins. As expected, these analyses confirmed the ina17D mutant, as the Ina17 protein was not detected. However, none of the tested proteins was altered in abundance compared to the wildtype control (selected proteins are shown in Supplementary Fig  S1B) . Thus, we analyzed F 1 F o -ATP synthase complexes by BN-PAGE. Similar to the phenotype observed for the F 1 F o -ATP synthase in ina22D mutant mitochondria, ina17D mitochondria displayed a partial dissociation of ATP synthase with a significant amount of free F 1 -domain and reduced amounts of the monomeric form ( Fig 5A and quantification in 5B) . In contrast to the F 1 F o -ATP synthase complexes, III 2 IV 2 supercomplexes of the respiratory chain remained stable (Fig 5C) . The partial disconnection of the F 1 -portion from the F o -domain was also apparent by an in-gel activity assay (Fig 5D) . For comparison, we generated an ina17D/ina22D double mutant ( Supplementary Fig S3) and found that destabilization of ATP synthase was exacerbated in the double mutant mitochondria (Fig 5D) . In the ina17D/ina22D double mutant the amount of free F 1 -portion was four fold increased compared to the ina17D and eight fold in comparison to wild-type. A IgG affinity purification from wild-type and Ina22
ProtA mitochondria.
Selected bands were identified by MALDI mass-spectrometry. B Quantitative mass spectrometric analysis of protein complexes purified from the Ina22 ProtA mitochondria after SILAC. Proteins enriched in Ina22
ProtA purifications compared to control purifications from wild-type mitochondria with a mean log 10 ratio over 0.7 and P-value < 0.05 are indicated (n = 3). The EMBO Journal Peripheral stalk assembly of F 1 F o -ATP synthase Oleksandr Lytovchenko et al
Ina22 and Ina17 form a complex in the inner membrane
Our analyses had revealed that Ina17 interacts with Ina22 and that both Ina17-and Ina22-deficient mutants were affected in the organization of the F 1 F o -ATP synthase. To assess if both proteins indeed formed complexes in mitochondria, we performed import assays with the radiolabeled precursors of Ina22, Ina17 and Atp3. Subsequently, mitochondria were solubilized and protein complexes separated by BN-PAGE. Protein complexes containing the imported proteins were detected by digital autoradiography. While Atp3 efficiently assembled into F 1 F o -ATP synthase complexes, Ina22 and Ina17 assembled predominantly into co-migrating complexes with an apparent molecular weight of~300 kDa ( Fig 6A) . (Ina17 also formed a faster migrating complex in the range of~200 kDa, which was not seen for Ina22). While Ina22 is largely exposed to the IMS, Ina17 exposes domains into the matrix and the IMS (Fig 6B) . Based on this topology, we asked if both proteins interacted through their IMSdomains. Therefore, we expressed and purified the recombinantly produced Ina22 IMS -domain from E. coli cells. The purified domain was immobilized on CNBr-activated Sepharose columns and incubated with mitochondrial extracts obtained after solubilization in Triton X-100-containing buffer. Upon extensive washing bound proteins were analyzed by Western blotting. While control inner membrane proteins were not recovered in significant amounts, Ina17 was efficiently bound by the Ina22 IMS -domain, indicating that both proteins indeed associate via their IMS-domains (Fig 6C) . To address if Ina22 and Ina17 interacted through their predicted coiledcoil domains, we expressed and radiolabelled full-length Ina17 and two truncations in reticulocyte lysates. All tested constructs containing the coiled-coil region specifically bound to Ina22 IMS . In contrast, binding of Ina17 , lacking the coiled coil, to Ina22 IMS was significantly less efficient (Fig 6D) .
Our previous experiments showed that Ina17 was present in wild-type-like amounts in the absence of Ina22 (Supplementary Fig   S1) . We generated an ina17D mutant strain expressing a HA-tagged version of Ina22 to assess if the presence of Ina22 depended on Ina17. Surprisingly, mitochondria isolated from this strain contained drastically reduced amounts of Ina22 (Fig 6E) . Hence, the presence of Ina22 in mitochondria apparently depended on Ina17, while vice versa this was not the case.
Because the F 1 -portion of the F 1 F o -ATP synthase is predominantly exposed to the mitochondrial matrix, we speculated that the observed association of Ina22 with the ATP synthase occurred in complex with its partner Ina17. To address this hypothesis, we tagged Ina17 with Protein A at the C-terminus by chromosomal integration of the corresponding Protein A-encoding cassette. Ina17
ProtA -containing mitochondria were isolated, solubilized, and Ina17
ProtA together with bound proteins isolated via IgG-chromatography. Similar to Ina22, subunits of the F 1 -portion and peripheral stalk such as Atp1, Atp2, Atp5 co-isolated with Ina17
ProtA , whereas components of the F o -domain (e.g. Atp17) and the dimeric ATP synthase complex (Atp20) or other abundant inner membrane proteins (e.g. AAC, Cox2) were not recovered in the eluate (Fig 6F) . Thus, Ina17 displayed a selective association with the same F 1 F o -ATP synthase subdomains that were observed to bind to Ina22.
Since Ina22-levels were reduced in the absence of Ina17, we assessed the ATP synthase association of Ina17 in the absence of Ina22. Therefore, we generated an ina22D yeast strain expressing Ina17
ProtA for complex isolation. When Ina17 ProtA was isolated from ina22D mitochondria, the association of Ina17 with the F 1 -portion and the peripheral stalk of the F 1 F o -ATP synthase was lost (Fig 6F , lane 5 and 6). Accordingly, complex formation between Ina17 and Ina22 is a prerequisite for F 1 -association of Ina17. Based on the phenotypes of the mutant cells and the complex formation between Ina22 and Ina17, we termed this complex INAC. We asked, if the association of INAC with the F 1 -portion and peripheral stalk was dependent on the core subunits Atp6, Atp8, and Atp9 of the F o -part. Therefore, we blocked the synthesis of mitochondria-encoded proteins by chloramphenicol treatment and Oleksandr
ProtA -and Ina17
ProtA -containing complexes from purified mitochondria. Compared to the untreated control, the association of the F 1 -portion and peripheral stalk were not decreased upon block of mitochondrial translation (Fig 6G) . As a control, we assessed the association of the cytochrome c oxidase assembly factor, Coa3, with the translational activator Mss51 under these conditions (Mick et al, 2010) . As reported previously the association was significantly reduced in the presence of chloramphenicol ( Supplementary Fig S4A) . We also assessed the amount of mitochondria-encoded proteins that associated with INAC. To this end we radiolabelled mitochondrial translation products in isolated mitochondria prior to Ina17
ProtA isolation. While Western blotting revealed subunits of the F 1 -portion in the eluate as expected, only very low levels of radiolabelled mitochondriaencoded F o -subunits were recovered ( Supplementary Fig S4B) . Accordingly, INAC interacts with the F 1 -portion and peripheral stalk of the ATP synthase independent of newly synthesized F o subunits Atp6, Atp8 and Atp9 and does not associate to a significant extent with the F o -portion.
The INA complex facilitates the assembly of the peripheral stalk
In ina22D and ina17D mutant cells the F 1 F o -ATP synthase displayed partial dissociation. Characteristic for both mutant phenotypes was the accumulation of an increased free pool of the F 1 -portion. At the same time both proteins interacted with a fraction of the F 1 -domain A 10 lg of wild-type and ina17D mitochondria were analyzed by BN-PAGE and Western blotting with indicated antisera. B Quantification of the Atp2 signal in (A). Atp2 amount in the ATP synthase dimer (V D ), monomer (V M ), and F 1 in ina17D relative to wild-type (set to 100%) is shown.
P-value based on a two-sided t-test is indicated (n = 6). C Same as in (A), but using antisera against respiratory chain complexes III and IV. D Solubilized mitochondria were analyzed by BN-PAGE and Coomassie staining or The EMBO Journal Peripheral stalk assembly of F 1 F o -ATP synthase Oleksandr Lytovchenko et al and peripheral stalk at steady state. Based on these observations, we speculated that the INA complex formed by Ina22 and Ina17 was involved in the formation of a stable connection between the F 1 -and F o -domains of the ATP synthase, a process that requires an intact peripheral stalk. To address this hypothesis directly, we expressed and radiolabeled selected precursor proteins of the different subdomains of ATP synthase in rabbit reticulocyte lysate and imported them into wild-type and INAC mutant mitochondria. All of the tested proteins were efficiently imported into wild-type and mutant mitochondria and processed to a faster migrating mature form (selected precursor proteins are shown in Fig 7A) . In order to assess the incorporation of imported subunits into ATP synthase complexes, we performed BN-PAGE analysis of selected import reactions. Atp3, a subunit of the central stalk, assembled into monomeric and dimeric ATPase complexes, but was also recovered in a free F 1 pool. Compared to wild-type, assembly of Atp3 into the ATPase monomer and dimer was reduced (Fig 7B, lanes 4 & 5) . Similarly, slight reduction was observed for assembly of Atp16 of the central stalk (Fig 7B, lanes 10 & 11) . We then analyzed subunits of the peripheral stalk. A striking assembly defect was observed for Atp5 (oligomycin-sensitivity-conferring protein, OSCP) and Atp4 (Fig 7B, lanes 16 & 17, 22 & 23) . In addition, an obvious, but less pronounced assembly defect was observed for Atp14 ( Fig 7B, lanes  28 & 29) . As a control, we assessed assembly of the dimerization factors Atp19 and 21. Both proteins assembled with similar efficiency into ATP synthase complexes in mutant and wild-type mitochondria (Fig 7B, lanes 31-42) . These experiments demonstrated that Ina22 was primarily required for assembly of peripheral stalk subunits to the F 1 F o -ATP synthase. Thus, we performed similar assembly analyses in ina17D mitochondria. Again, severe assembly defects were observed for peripheral stalk subunits Atp5 and Atp4 and to a lesser, but still noticeable, extent for Atp14 (Fig 7C) . ProtA /ina22D and isogenic wild-type mitochondria. Purified proteins were analyzed by SDS-PAGE and Western blotting.
E, eluate, 100%; T, total, 0.7%. G Affinity purification as in (F) The EMBO Journal Peripheral stalk assembly of F 1 F o -ATP synthase Oleksandr Lytovchenko et al
Moreover, similar to what was observed in ina22D mitochondria, assembly of Atp16 was reduced compared to wild-type while assembly of Atp3 was less affected in ina17D than in the absence of Ina22. In contrast, no defect was observed for assembly of Atp19 and Atp21 (Fig 7C) . In summary, both INA complex constituents, Ina22 and Ina17, are required for efficient assembly of peripheral stalk constituents into the F 1 F o -ATP synthase complex. Since the peripheral stalk stably connects F 1 -and F o -domains of ATP synthase, this finding explained the apparent instability of the enzyme complex in INAC mutant mitochondria.
Discussion
Mitochondrial protein complexes of the oxidative phosphorylation system, namely complexes I, III, IV and the F 1 F o -ATP synthase, assemble from subunits of dual genetic origin. Hence, mitochondria are challenged by the task to assemble sophisticated nano-machines from proteins that are imported into mitochondria from the cytoplasm and those that are inserted into the inner membrane from the matrix in a co-translational manner Soto et al, 2011; Smith et al, 2012) . In case of the F 1 F o -ATP synthase, the core subunits of the proton-conducting F o -domain are mitochondriaencoded, while the catalytic F 1 -ATPase domain is built from imported subunits. Several chaperone-like factors have been described that are selectively involved in the biogenesis of either the F 1 -portion (Atp11, Atp12, Fmc1) or the F o -sector (Atp10, Atp23). However, very little has been known about a critical later step in the F 1 F o -ATP synthase assembly pathway: the connection of the soluble F 1 -domain to the membrane-embedded F o -domain through the peripheral stalk segment (Prescott et al, 1994; Pagliarani et al, 2013) . With the discovery of INAC as a protein complex that ensures stable coupling of the two main modules of F 1 F o -ATP synthase by supporting peripheral stalk formation, we now shed first light on this terra incognita. The inner mitochondrial membrane proteins Ina17 and Ina22 are constituents of INAC. Although obvious homologous of Ina17 and Ina22 were only found in the fungal kingdom, the fact that a number of distinct assembly intermediates of the F 1 -portion have been identified in human mitochondria suggests that proteins with similar functions could assist the assembly of mammalian F 1 F o -ATP synthase (Fernández-Vizarra et al, 2009 ). Both proteins expose domains to the IMS and matrix side. Interestingly, we find that INAC specifically interacts with the F 1 -portion and peripheral stalk segment of the F 1 F o -ATP synthase. Genetic interaction between INAC constituents and ATP18, YME1, MGE1 or prohibitins have been reported. Although we did not detect a physical interaction of INAC with the encoded proteins, the high throughput analysis is in agreement with a role of Ina17 and Ina22 in mitochondrial biogenesis and/or membrane organization. We find that the lack of Ina17 or Ina22 does not lead to a loss of the F 1 F o -ATP synthase but causes dissociation of the F 1 -portion from the F o -membrane unit. When we assessed the assembly of nuclear-encoded, imported subunits into the F 1 F o -ATP synthase, we found that subunits of the peripheral stalk (Atp4, Atp5, Atp14) displayed severe assembly defects in ina17D or ina22D mitochondria. Especially the incorporation of Atp4, which is the central structural component of the peripheral stalk, into the F 1 F o -ATP synthase was impaired. Although we cannot formally exclude a role of INAC in the dynamic regulation of the mature ATP synthase complex assembly state, these data strongly support the idea that INAC assists in the biogenesis of F 1 F o -ATP synthase by facilitating the assembly of newly imported subunits into the peripheral stalk segment. Our analyses further showed that INAC is not a stoichiometric subunit of the active F 1 F o -ATP synthase. This finding agrees with previous reports on the abundance of cellular proteins, which showed that the cellular amount of Ina22 represent < 0.5% of Atp2 (Ghaemmaghami et al, 2003) . This ratio, together with the specific association of INAC with the F 1 -and peripheral stalk portions but not F o , and the INAC requirement for incorporation of peripheral stalk subunits indicate a transient association of INAC with F 1 F o -ATP synthase modules. Taking the localization of INAC into consideration, it is likely that the association with the F 1 -and peripheral stalk portions occurs at the inner membrane. A lack of INAC function does not affect the formation of the catalytic a 3 b 3 oligomer. Hence, the ATPase activity of the F 1 -ATPase is not reduced under standard conditions in ina17D or ina22D mitochondria. However, in the presence of oligomycin the mutant mitochondria displayed increased resistance to the antibiotic treatment, which suggests a defect in F o assembly or its association with the F 1 -portion 27, 53 . This matches the observed phenotype of INAC mutants.
Our data suggest that Ina22 and Ina17 interact with each other through their IMS domains. While Ina22 exposes only a small domain of 17 amino acids into the mitochondrial matrix, Ina17 possesses a larger (~8 kDa) matrix-segment. Ina22 is destabilized in the absence of Ina17, but this is not the case in the reverse situation. However, the association of Ina17 with the F 1 -portion depends on Ina22, indicating that both proteins are required for the interaction. It is a generally accepted concept that the assembly of the ATP synthase occurs in a modular manner (Rak et al, 2011; Fox, 2012) . In this process, the mitochondria-encoded Atp6 and Atp8 of the F o -portion associate in the inner membrane. In parallel, a ring of mitochondria-derived Atp9 subunits is formed to which the fully assembled nuclear-encoded catalytic core, composed of Atp1, 2, 3, 15 and 16, is thought to associate. The assembly of the lateral stalk, of which the Atp4 subunit represents the only inner membrane protein, is thought to initially engage with the Atp6/Atp8 complex and subsequently becomes linked to the a, b ring through Atp5. In contrast to this, the identification of INAC leads us to speculate that a full F 1 /peripheral stalkassembly intermediate exists at the inner membrane that lacks any of the mitochondria-encoded subunits. In agreement with this, the association of INAC with the F 1 portion and the peripheral stalk occurs in the absence of newly synthesized Atp6, Atp8, and Atp9. Thus, we conclude that INAC assists in the process of linking this fully formed complex with the membrane integral module. The function of INAC is not essential for the assembly process per se, as a mature F 1 F o -ATP synthase is formed in its absence. Hence, alternative assembly pathways appear to exist. However, in the absence of INAC the stability of the F 1 F o -ATP synthase is affected and the assembly process, as indicated by our assays, appears to be significantly less efficient. Thus, we conclude that INAC promotes the correct association of the F 1 -portion to the F o -segment of the ATP synthase and that a lack of INAC weakens the association through improper molecular interactions.
Through the identification of a novel assembly factor complex, this study considerably advances the knowledge about the biogenesis of a key player in cellular energy metabolism, the mitochondrial F 1 F o -ATP synthase. Our characterization of INAC-deficient mutant mitochondria allowed a first glance at the crucial process of peripheral stalk assembly. Further work will however be required to understand the molecular mechanism of INAC function and its interplay with other known assembly factors.
Materials and Methods
Yeast strains and growth conditions
Yeast strains used in this study are listed in Supplementary Table  S1 . Wild-type strains YPH499 and BY4741 were used (Sikorski & Hieter, 1989; Brachmann et al, 1998) . Deletion strains ina22D (yir024cD), ina17D (aim43D), and the corresponding wild-type strain BY4741 were obtained from the Euroscarf collection. All other strains were generated by homologous recombination of PCR derived cassettes from plasmids pYM10, pYM2 and pFA6a-HIS3MX6, as previously described (Janke et al, 2004) . All yeast strains were grown on non-fermentable YPG (1% yeast extract, 2% peptone, 3% glycerol) or fermentable YPD medium (1% yeast extract, 2% peptone, 2% glucose), unless otherwise indicated. Mitochondria were isolated from yeast grown at 30°C on YPG according to standard procedures (Meisinger et al, 2006) and stored in single-use aliquots at À80°C. For mitochondrial translation inhibitor treatment, yeast cells were incubated with 2 mg/ml chloramphenicol for 3 h prior to mitochondrial isolation (Mick et al, 2010) .
Synthesis of radiolabeled proteins and import into isolated mitochondria
Full-length open reading frames of INA22 (YIR024C) and ATP3, as well as ATP synthase subunits ATP14, ATP16 and ATP19 with three additional C-terminal methionine residues were cloned into the pTNT TM vector (Promega). Open reading frames of full-length INA17 (AIM43), RIP1, ATP4, ATP5 and ATP21 as well as DNA encoding the Ina17 1-129 and Ina17 1-157 fragments for pull-down assays were amplified using a forward primer containing the SP6 polymerase binding site and reverse primer with three additional codons for extra methionine residues prior to the stop codon. All constructs were in vitro transcribed using mMESSAGE mMACHINE SP6 Kit (Life Technologies). The obtained RNA was used for in vitro translation by Flexi Rabbit Reticulocyte Lysate System (Promega) in the presence of [ 35 S]methionine. Radiolabeled proteins were imported into isolated mitochondria according to published procedures (Wiedemann et al, 2006) and analyzed by SDS-PAGE or BN-PAGE. Gels were dried and exposed on phosphorimager screens (GE Healthcare) for detection of radioactive signal by digital autoradiography.
In organello labeling
Labeling of mitochondrial translation products with [ 35 S] methionine was performed essentially as described previously (Westermann et al, 2001) . In brief, mitochondria were incubated in translation buffer (900 mM sorbitol, 225 mM potassium chloride, 22.5 mM potassium phosphate, 30 mM Tris/HCl pH 7.5, 4.5 mg/ml BSA, 6 mM ATP, 0.75 mM GTP, 9 mM a-ketoglutarate, 10 mM phosphoenolpyruvate, 0.15 mM methionine-free amino acid mix, 7.5 lg/ml cycloheximide, 19 mM magnesium sulfate, 38 lg/ml pyruvate kinase) in the presence of 20 lM [
35 S] methionine (10 mCi/ml) at 30°C.
Protein localization assays
For membrane association analysis, mitochondria were treated with sodium carbonate buffers, pH 10.8 and 11.5, or lyzed with 0.1% Triton X-100. Soluble fractions were separated from membranes by centrifugation for 45 min at 100,000 g, 4°C. The samples were precipitated with trichloroacetic acid (TCA) and analyzed by SDS-PAGE and immunoblotting. For proteinase protection assays, mitochondria were suspended in isoosmotic SEM buffer (250 mM sucrose, 1 mM EDTA, 10 mM MOPS, pH 7.2), hypotonic EM buffer (1 mM EDTA, 10 mM MOPS, pH 7.2) for 20 min on ice or sonicated in the presence of 0.1% Triton X-100 and subsequently treated with indicated amounts of proteinase K (PK) for 10 min on ice. The samples were TCA-precipitated and analyzed by SDS-PAGE and immunoblotting.
Enzyme activity measurements
Activity of respiratory chain complexes III and IV in isolated mitochondria was determined by assessing cytochrome c reduction and oxidation, respectively. Complex III activity was determined in 10 mM potassium phosphate buffer, supplemented with 0.5 mM NADH and 10 mM KCN. Mitochondria were suspended at 0.1 mg/ ml and the reaction was started by addition of non-reduced cytochrome c to a final concentration of 1.5 mg/ml. The rate of absorbance increase at 550 nm, corresponding to cytochrome c reduction, in wild-type mitochondria was set to 100% activity. For complex IV activity determination, mitochondria were suspended in 10 mM potassium phosphate buffer, pH 7.4, at a concentration 0.25 mg of mitochondrial protein per ml, and reduced cytochrome c was added to a final concentration of 1.5 mg/ml. The activity was determined as the rate of absorbance change at 550 nm. Activity of the F 1 F o -ATP synthase was determined as ATP hydrolysis rate, measured by inorganic phosphate release (Chen et al, 1956; Ackerman & Tzagoloff, 2007) . Mitochondria (0.2 mg/ ml) were suspended in assay buffer (50 mM Tris-sulfate, pH 8.5, 4 mM MgSO 4 ) with or without 50 lM oligomycin. The reaction was started by addition of 20 mM ATP and stopped after 10, 20 or 30 min at 37°C by adding 10% TCA. Reference samples were treated in the same manner, except that the TCA was added prior to ATP. After a clarifying spin (5 min, 20,000 g), the amount of inorganic phosphate in the supernatant was determined by an ammonium molybdate colorimetric assay. For this, an equal volume of ammonium molybdate reagent (2% ascorbic acid, 0.5% ammonium molybdate, 1.2 N sulfuric acid) was added, the samples were incubated at 37°C for 2 h, and the absorbance at 820 nm was monitored. The amount of released phosphate was determined based on calibration curve with known phosphate concentrations.
In-gel activity staining
After separation of protein complexes by BN-PAGE, in-gel activity staining for F 1 F o -ATP synthase was performed according to established protocols (Wittig & Schägger, 2005) . In brief, a gel stripe was pre-incubated in 35 mM Tris, 220 mM glycine, pH 8.3, for 3 h, then transferred to F 1 F o -ATP synthase buffer (35 mM Tris, 220 mM glycine, pH 8.3, 8 mM ATP, 14 mM MgSO 4 , 0.2% Pb(NO 3 ) 2 ) and incubated at room temperature.
IgG affinity chromatography and co-immunoprecipitation
Protein complexes were purified from the strains bearing Protein A tags on Ina22 and Ina17 by means of IgG affinity chromatography. For this, mitochondria were solubilized in solubilization buffer (20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10% glycerol, 1% digitonin, 1 mM PMSF) for 20 min on ice, cleared by centrifugation, and IgG sepharose beads were added at a ratio of 5 ll beads per 1 mg of solubilized mitochondria. After 2 h of binding at 4°C, the beads were washed 10 times with 10 bed volumes of washing buffer (20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10% glycerol, 0.6% digitonin), and the bound proteins were eluted by SDS gel loading buffer or (in case of stable isotope-labeled samples for mass-spectrometry analysis) cleaved overnight at 4°C with 0.4 mg/ml TEV protease. The eluates were analyzed by SDS-PAGE with subsequent Western blotting or mass spectrometry. Immunoprecipitation of Coa3 was performed according to the same procedure, using rabbit Coa3 antiserum coupled to Protein A sepharose (GE Healthcare) using dimethyl pimelimidate crosslinking.
Mass spectrometry and data analysis
After separation by SDS-PAGE, protein bands were analyzed by ingel digestion followed by LC-MALDI-TOF/TOF mass spectrometry as described (Schulz et al, 2011) . In brief, after reduction with DTT and carbamidomethylation with iodoacetamide, protein bands were in-gel digested with trypsin and the peptides separated and analyzed using LC-MALDI-TOF/TOF mass spectrometry. The data was used to identify proteins in the NCBInr protein database using the search program Mascot (matrix science, London).
For stable isotope labeling experiments, the ARG4 gene was replaced by a kanMX4 resistance cassette in wild-type YPH499 and Ina22
ProtA strains (see Supplementary Table S1 ). The cells were grown on minimal medium containing stable isotope-labeled L-arginine (U-13 C 6 , 99%; U-15 N 4 , 99%) and L-lysine (U-13 C 6 , 99%; U-15 N 2 , 99%; Cambridge Isotope Laboratories). Mitochondrial isolation and complex purification using IgG beads were performed as described above. Following affinity purification, proteins of differentially SILAC-labeled Ina22 complexes were precipitated using acetone and resuspended in 8 M urea/50 mM NH 4 HCO 3 . Cysteine residues were reduced and subsequently alkylated using 5 mM TCEP for 30 min at 37°C and 50 mM iodoacetamide for 30 min at room temperature in the dark, respectively. Urea concentration was adjusted to 2 M with 50 mM NH 4 HCO 3 and proteins tryptically digested overnight at 37°C. Peptides were dried in vacuo and reconstituted in 0.1% (v/v) TCA. LC/MS analyses of three independent replicates were performed using an UltiMate 3000 RSLCnano HPLC system (Thermo Scientific, Dreieich, Germany) and an LTQ-Orbitrap XL mass spectrometer (Thermo Scientific, Bremen, Germany). Peptides were separated on a 50 cm × 75 lm C18 reversed-phase nano LC column (Acclaim PepMap RSLC column; 2 lm particle size; 100 Å pore size; Thermo Scientific) using a binary solvent system consisting of 0.1% (v/v) formic acid (solvent A) and 50% (v/v) methanol/30% (v/v) acetonitrile in 0.1% formic acid (solvent B). After washing the LC column with 15% solvent B for 15 min, peptides were eluted applying a 135-min gradient ranging from 15 to 72% solvent B followed by an increase to 100% B within 15 min. The flow rate was 250 nl/ min. MS survey scans (m/z 370-1,700) were acquired in the orbitrap at a resolution of 60,000 (at m/z 400) with automatic gain control (AGC) set to 5 × 10 5 ions and a maximum fill time of 500 ms. Simultaneously, up to five of the most intense multiply charged precursor ions were further fragmented by collision-induced dissociation in the linear ion trap at a normalized collision energy of 35%, an activation q of 0.25, an activation time of 30 ms, an AGC of 10 4 ions, and a maximum fill time of 100 ms. The dynamic exclusion time for previously fragmented precursor ions was 45 s. Protein identification and relative quantification was performed using the MaxQuant software suite (version 1.3.0.5; Cox & Mann, 2008; Cox et al, 2011) . MS/MS data were searched against the Saccharomyces Genome database (SGD; www.yeastgenome.org) applying the MaxQuant default settings (unless stated otherwise) including Arg10 and Lys8 as heavy labels. Protein identification was based on ≥ 1 unique peptide with a minimum length of 7 amino acids and a false discovery rate of < 1% on peptide and protein level. Protein abundance ratios (Ina22 ProtA /WT) were calculated based on unique peptides and ≥ 1 ratio count. Ina22
ProtA /WT ratios were logarithmized and the mean log 10 protein ratio calculated across ≥ 2 replicates was plotted against the P-value determined for each protein in a one-sided t-test.
Pull-down analyses
Soluble intermembrane space domain of Ina22 (Ina22 IMS , amino acids 64-216) was cloned in pProEx HTc vector with an N-terminal His 6 tag, expressed in E. coli BL21 and purified using HisTrap columns (GE Healthcare). The purified protein was covalently bound to CNBractivated Sepharose 4B (GE Healthcare), and the beads were stored at 4°C. For pull-down experiments using solubilized mitochondria, mitochondria were solubilized in Triton X-100 buffer (20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10% glycerol, 0.5% Triton X-100, 1 mM PMSF), cleared by centrifugation, and the Ina22 IMS sepharose beads were added at a ratio of 10 ll beads per 1 mg of solubilized mitochondria. After 2 h of binding at 4°C, the beads were washed five times with five bed volumes of solubilization buffer, and the bound proteins were eluted with SDS gel loading buffer. The eluates were analyzed by SDS-PAGE and Western blotting. For pull-down experiments using in vitro translated proteins, Ina22 IMS -coupled sepharose beads were incubated with [ 35 S]-labeled translation products in Triton X-100 buffer for 1 h at 4°C, washed 10 times with 10 bed volumes of the Triton X-100 buffer and eluted with one bed volume of SDS gel loading buffer. Bound proteins were detected by autoradiography.
Fluorescence microscopy
Fluorescence microscopy of yeast cell was performed as previously described (Alkhaja et al, 2012) . Yeast cells transformed with pSU9-DHFR-GFP were grown overnight in selective SGG medium at 30°C. Cells were directly used for fluorescence microscopy. Images were collected by using a DeltaVision microscope (Olympus IX71; Applied Precision, Issaquah, WA, USA) and deconvoluted by using Softworx, version 3.5.1 (Great Falls, MT, USA).
Bioinformatic analysis
Mitochondrial targeting signal prediction was performed using the MitoProt Server (Claros & Vincens, 1996) . Transmembrane spans of Ina22 and Ina17 were predicted by TMpred (http://www.ch. embnet.org/software/TMPRED_form.html). Coiled-coil domain in Ina22 and Ina17 were found using the Pfam database (Sonnhammer et al, 1997) and the COILS algorithm (Lupas et al, 1991) .
Miscellaneous
Protein complexes were analyzed by Blue native electrophoresis (BN-PAGE) and Clear native electrophoresis (CN-PAGE) according to published procedures (Schägger & von Jagow, 1991; Wittig & Schägger, 2005) . SDS gel electrophoresis (SDS-PAGE) and Western blotting were performed by standard protocols; signals were detected using fluorescently labeled secondary antibodies (LI-COR) and a FLA-9000 scanner (Fujifilm) or HRP-coupled secondary antibodies and enhanced chemiluminescence system (GE Healthcare). No image processing, other than cropping, scaling and contrast adjustment using Adobe Photoshop CS3 and Adobe Illustrator CS3, was applied. All quantitative data are presented as mean AE standard error of the mean.
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